ABSTRACT For egg shell production, cations, primarily Ca 2+ , and anions, primarily HCO 3 -, must be secreted across the uterine epithelium. Because alterations of HCO 3 -transport influence Ca 2+ secretion, the present study was performed to gain insight into the regulation of anion transport (i.e., chloride and HCO 3 -transport) across the egg shell gland of the domestic chicken. To this purpose, unstripped uterus epithelia were mounted in modified Ussing chambers and electrogenic [i.e., short circuit current (I sc )] and electroneutral anion transport were measured. Stimulating adenylate cyclases by forskolin, thereby enhancing the intracellular cyclic adenosine monophosphate (cAMP) concentration, evoked 2 patterns of I sc responses. Under HCO 3 --buffered conditions, some of the tissues (3/8) showed an increase of I sc , whereas in others (5/8) a decrease of I sc was observed in the presence of the drug. The I sc increase existed in HCO 3 -secretion because under HCO 3 --free conditions forskolin stimulated only an I sc decrease. In addition, methazolamide, a blocker of carboanhydrases, significantly reduced baseline I sc . The forskolin-induced decrease of I sc presented a Cl -absorption. In the absence of HCO 3 -, forskolin yielded only an I sc decrease and the transepithelial flux of 36 Cl -was reduced. In the presence of mucosal 5-nitro-2-(3-phenylpropylamino) benzoic acid, a nonselective blocker of chloride channels, forskolin-induced I sc decrease was inhibited. In addition to cAMP, the regulatory influence of neurons or prostaglandins on baseline I sc and anion transport was investigated. Neither tetrodotoxin, a blocker of neuronal Na + conductances, electrical field stimulation, nor indomethacin, a blocker of cyclooxygenases, influenced the baseline I sc or anion transport. In summary, these data show effects of forskolin (i.e., cAMP) on anion transport across the egg shell gland of the domestic chicken: HCO 3 -secretion (supporting Ca 2+ mineralizing of the egg shell) and Cl -absorption. Neurons or prostaglandins did not influence the anion transport.
INTRODUCTION
For egg shell formation, the shell gland epithelium has to secrete large amounts of calcium (Ca 2+ ; 2-2.5 g/egg; Eastin and Spaziani, 1978a ) during 16 to 20 h (Simkiss, 1961) . Most of this calcium is precipitated as CaCO 3 , which forms approximately 97% of the anorganic component of the egg shell. In vivo experiments demonstrated that the Ca 2+ secretion is positively coupled with the HCO 3 -secretion, whereas the reduction of sodium and chloride concentration in the luminal shell gland solution has inverse effects (Pearson and Goldner, 1973; Eastin and Spaziani, 1978b) . Other in vivo experiments demonstrated that furosemide, a blocker of the Na-K-2Cl cotransporter, reduces the thickness of the egg shell and the Ca 2+ uptake (Lundholm and Bartonek, 1992) , pointing to a negative influence of the above-mentioned cations and chloride on the transport of Ca 2+ .
The possible inhibitory effect of chloride on Ca 2+ transport could be indirect and mediated by changes in bicarbonate transport. On one side a direct relation between bicarbonate secretion and chloride absorption was assumed (Mongin and Carter, 1977) , whereas a correlation between the blockage of carbonic anhydrase by acetazolamide and Ca 2+ secretion was described (Pearson and Goldner, 1974; Pearson et al., 1977; Mongin, 1978) .
In contrast to these in vivo data pointing toward a net Cl -absorption, an in vitro study suggests a net secretion of chloride. The anion should be taken up via chloride-bicarbonate exchanger and recirculated through an apical chloride channel. The latter conductance should be stimulated by cyclic adenosine monophosphate (cAMP) because an increase of shortcircuit current (I sc ) was observed in the presence of 8-(4-chlorophenylthio)-cAMP (8-CPT-cAMP), a membrane-permeable analog (Vetter and O'Grady, 2005) . The present investigation was performed to clarify the controversial results and to study other possible regulatory mechanisms of anion transport.
MATERIALS AND METHODS

Solutions
Ussing chamber experiments were carried out in a bathing solution containing (in mM) NaCl 107, KCl 4.5, NaHCO 3 25, Na 2 HPO 4 1.8, NaH 2 PO 4 0.2, CaCl 2 1.25, MgSO 4 1, and glucose 12. The solution was gassed with a mixture of 5% CO 2 and 95% O 2 (vol/vol). The pH of this and all further solutions was 7.4.
For bicarbonate-free experiments, used for 36 Cl -flux measurement, electrical field stimulation, and Ussing chamber experiments, the solution contained (in mM) NaCl 104, KCl 5.4, HEPES 10, glucose 12.2, CaCl 2 1.25, and MgCl 2 1. This solution was gassed with 100% O 2 (vol/vol) like all further solutions.
For sodium or chloride substitution experiments, Na + or Cl -was replaced with the nonpermeable cation n-methyl-d-glucamine or with the anion gluconate, respectively, to maintain isoosmolarity. To prevent the generation of an offset potential, a minimal concentration of 5.4 mM/L of Cl -was always present.
Tissue Preparation
In general, domestic fowl (white Leghorn, a generous gift from Lohmann Tierzucht GmbH (Cuxhaven, Germany) bred under specific-pathogen-free conditions) with different ages but in the active reproduction cycle laying eggs, were used. Free-run housing was used and birds had free access to water and food (standard and supplementary commercial diet, EIBA-Kraftfutterwerk KG, Babenhausen, Germany); a light-dark cycle of 12 h-12 h was used until the day of experiment. Experiments started not earlier than 14 d after transport from the breeder to the animal facility. On the day of experiment, birds were stunned by a blow on the head and killed by exsanguination (approved by Regierungspräsidium Gießen, Gießen, Germany, ref. no. GI 18/2-2012-179) in accordance with the German law "Verordnung zum Schutz von Tieren im Zusammenhang mit der Schlachtung oder Tötung (TierSchlV)." In general, the uterus was excised but not stripped (for details see data below), divided in equal parts, and the pouch region (pars major uteri) was used for the investigations. For one study, the epithelia had to be stripped. An incision in the pouch region was performed by a blunt scalpel and the serosa and a part of the muscle layer were gently removed.
Experiments
Short-Circuit Current Measurement. The tissue was mounted onto a modified Ussing chamber, bathed with a volume of 3.5 mL on each side of the tissue, and short-circuited by a voltage clamp (K. Mussler, Scientific Instruments, Aachen, Germany) with correction for solution resistance and with a measurement area of 1 cm 2 . The I sc was continuously recorded and tissue conductance (G t ) was measured every minute. The I sc was expressed as microequivalents per hour per centimeter squared (i.e., the flux of a monovalent ion per time and area) with 1 µEq/h per cm 2 = 26.9 µA/ cm 2 . Tissues were left for 30 to 60 min to stabilize I sc before the effect of the drugs was studied. The baseline in electrical parameters was determined as mean over 3 min just before administration of a drug and effects of drugs were given as difference to this baseline (ΔI sc ). In general, the maximal change in I sc (peak or decrease) against baseline is given below. To exclude a contribution of Na + currents to the forskolin effect, all experiments were performed in the presence of amiloride (10 -6 M on the mucosal side).
Cl -Flux Measurement. The Cl -flux measurements were conducted as normal Ussing chamber experiments and 74 kBeq of the radioactive Cl -isotope ( 36 Cl -) was added after 30 min of stabilization on either the serosal or mucosal side. Samples were taken from the opposite (i.e., nonlabeled) side in 20-min intervals and at the beginning as well at the end of the experiment from the administration side to standardize the transported Clfraction. Samples were filled up with a liquid scintillator (Eodizint Eco Plus, Carl Roth GmbH, Karlsruhe, Germany) and measured in a β-counter (Tri-Carb 2700TR liquid scintillation analyzer, Packard, Frankfurt, Germany). The transported chloride was given as J ms for mucosal to serosal flux and as J sm for serosal to mucosal flux. For statistical calculations, tissues were paired according to their conductances and a net ion transport was calculated by subtraction of J sm from J ms .
Electrical Field Stimulation. Tissue was prepared as described for Ussing chamber experiments. The electrical field stimulation was performed by applying bidirectional rectangular pulses of 10 V with a total duration of 12 ms and a frequency of 10 Hz (Physlab, Gießen, Germany). The positive or negative waves had durations of 1 ms each and were separated by a 10-ms interval.
Drugs. Amiloride, methazolamide (Biomol, Ilvesheim, Germany), glibenclamide (ICN, Eschwege, Germany), diphenylamine-2-carboxylic acid, and 5-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB; Tocris, Bristol, UK) were dissolved in dimethylsulfoxide (final maximal concentration 2 mL/L). Forskolin (Tocris) and indomethacin were dissolved in ethanol. Tetrodotoxin (Calbiochem, Bad Soden, Germany) was dissolved as a stock solution in citrate buffer (20 mM). If not indi-cated otherwise, drugs were from Sigma (Deisenhofen, Germany).
Statistics. Results are given as means ± 1 standard error of the mean. When the means of several groups had to be compared, an ANOVA was performed followed by posthoc Tukey test. For comparisons of 2 groups, either a Student's t-test or the Mann-Whitney U-test was performed as appropriate. A P-value of <0.05 was considered to be statistically significant.
RESULTS
Preparation and Selection of the Epithelia
Stripping of epithelia (e.g., at intestinal preparations, a well-known procedure for eliminating muscle layers and neurons) often results in alterations of the baseline data (Schulzke et al., 1986) , whereas nonstripping increased the thickness of epithelia, resulting in larger diffusion barriers. First, experiments were performed to discover effects of stripping on the data measured in Ussing chambers. Stripping the epithelia doubled the G t and the I sc (Table 1) , demonstrating the influence of the mechanical procedure on electrophysiological measurements. Therefore, all further data were obtained using nonstripped epithelia of egg shell glands.
Next, the influence of the reproduction cycle on I sc and G t was studied. Therefore, experiments with active ovaries with or without an egg present in the uterus and with inactive ovaries were performed. In active laying hens the presence or absence of an egg in the uterus did not result in significant changes of baseline G t and I sc (data not shown). In contrast to active layers, nonlaying hens with inactive ovaries showed significant higher G t and I sc data. In inactive layers, the G t and I sc amounted to 27.8 ± 2.9 mS/cm 2 and 0.9 ± 0.1 µEq/h per cm 2 (n = 30), respectively, whereas in laying hens as control 10.4 ± 0.7 mS/cm 2 and 0.6 ± 0.1 µEq/h per cm 2 (n = 64), respectively, were measured. Therefore, birds were used for all further studies only if an active ovarian cycle and an egg in the shell gland were present.
Transport of Anions Across the Uterus
Anions transported across the uterine epithelia are primarily HCO 3 -and Cl -. Buffer exchange experiments were performed to investigate the contribution of each anion to the baseline I sc . In the presence of HCO 3 -and Cl -, the basal I sc amounted to 1.4 ± 0.2 µEq/h per cm 2 (n = 41) but decreased significantly to 0.5 ± 0.1 µEq/h per cm 2 (n = 55) if HCO 3 -was absent on both sides of the epithelia. Replacing Cl -equimolarly with the nonpermeable anion gluconate and washing out HCO 3 -yielded similar results (data not shown), indicating increased baseline I sc attributable to secreted HCO 3 -, whereas Cl -seemed to be mainly absorbed. A small but significant Cl -secretion nevertheless occurred. Administering typical Cl -channel blockers on the mucosal side in the absence of HCO 3 -resulted in significant I sc decrease pointing to a small but present Cl -secretion ( Table 2 ). The electrophysiological data may be confirmed by Cl -flux measurements, yielding a net flux of Cl -of 0.78 ± 0.67 µM/h per cm 2 , calculated from the subtraction of a mucosal to serosal flux of 7.18 ± 0.80 µM/h per cm 2 from a serosal to mucosal flux of 6.40 ± 1.12 µM/h per cm 2 , not reaching statistical significance but pointing to a net Cl -absorption.
Divergent Effects of cAMP on I sc
A well-known intracellular second messenger, cAMP influences baseline I sc in various epithelia. To increase the intracellular concentration of cAMP, forskolin was administered as an activator of adenylate cyclases.
In the presence of HCO 3 -, forskolin (5 × 10 -6 M on the mucosal and serosal side; the same concentration was used for all further experiments) induced divergent Table 1 . Stripping of the epithelia resulted in increased baseline parameters but did not influence the effect of forskolin (5 × 10 -6 M on the mucosal and serosal side) on short-circuit current (I sc ; µEq/h per cm 2 ) and conductance (G t ; mS/cm 2 ) 1 Item Stripped epithelia (n = 7)
Unstripped epithelia (n = 6) I sc G t n I sc G t n Baseline 1.9 ± 0.3* 35.0 ± 3.0* 6 0.8 ± 0.3 16.2 ± 2.9 7 Forskolin -0.7 ± 0.2** 19.1 ± 6.0** -1.0 ± 0.4** 2.9 ± 1.1** 1 Data are means ± SEM. *P < 0.05 compared with unstripped epithelia; **P < 0.05 compared with baseline prior to administration of forskolin. results. In 3 out of 8 tissues, the agonist stimulated I sc by 1.79 ± 0.74 µEq/h per cm 2 , whereas in the remaining 5 epithelia a significant decrease of -0.73 ± 0.20 µEq/h per cm 2 was observed (Figure 1) . Interestingly, the forskolin-induced increase of I sc was not influenced by the stripping the epithelia (Table 1) .
The effect of forskolin was not attributable to activation of cationic conductances (i.e., enhanced Na + absorption) because amiloride (10 -4 M at the mucosal side), a blocker of epithelial sodium channels, reduced the baseline I sc by -0.77 ± 0.23 µEq/h per cm 2 (n = 6) but did not influence the forskolin effect on I sc (data not shown). Because of the baseline effect on I sc of amiloride, all further experiments were performed in the presence of blocked Na + conductances.
cAMP Effect on HCO 3 -Transport
To further investigate the ionic nature of the forskolininduced alteration in I sc , Cl -or HCO 3 -were removed from the bathing solution. Replacing Cl -equimolarly by gluconate on both sides of the epithelium and in the presence of a serosal to mucosal HCO 3 -chemical gradient, an HCO 3 --based I sc could be measured. Under these circumstances administering forskolin never induced a decrease in I sc but activated the I sc by 2.31 ± 0.7 µEq/h per cm 2 (P < 0.05 to baseline; n = 8; Figure 2 ).
Blocking carboanhydrases with methazolamide (10 -4 M on both sides) for decreasing the cellular HCO 3 -concentration achieved under basal conditions a small but significant decrease in I sc of -0.1 ± 0.01 µEq/h per cm 2 (n = 6). These data strengthen the idea of a cAMPinduced HCO 3 -secretion across the hen uterus.
cAMP Activates a Cl -Absorption
For identifying transcellular pathways involved in the Cl -absorptive process induced by forskolin, all further experiments were performed in HEPES-buffered solutions avoiding a secretory component of HCO 3 -to forskolin-induced alterations in I sc . In the absence of HCO 3 -but in the presence of Cl -in all epithelia tested, a negative I sc was induced by forskolin (-0.94 ± 0.24 µEq/h per cm 2 ; P < 0.05 to baseline; n = 6; Figure 3a) . Applying a transepithelial Cl -gradient by equimolar replacement of the anion with the nonpermeable gluconate on the mucosal side, forskolin always significantly activated an I sc of 4.4 ± 0.8 µEq/h per cm 2 (P < 0.05; n = 8; Figure 4) .
Apical Cl -channels blockers (i.e., glibenclamide, diphenylamine-2-carboxylic acid, and NPPB) all blocked baseline I sc significantly (Table 2 ), but only in the presence of NPPB the forskolin-stimulated decrease in I sc was significantly influenced (Figure 3b ). In the presence of NPPB (10 -4 M on the mucosal side) forskolin-activated I sc reached only -0.2 ± 0.1 (P < 0.05 to baseline; n = 10), whereas in its absence the I sc decreased by -0.9 ± 0.2 µEq/h per cm 2 (P < 0.05 to baseline and to the presence of NPPB; n = 8; Figure 3a) . Administering NPPB (10 -4 M on the mucosal side) in the presence of forskolin always induced a significant increase in I sc (0.1 ± 0.01 µEq/h per cm 2 ; P < 0.05 to baseline; n = 8; Figure 3a ). Because the above-mentioned Cl -channel blockers on the basolateral side changed neither the baseline nor the forskolin-stimulated I sc (data not shown), the apical localization of Cl -conductances is very likely.
To confirm the absorptive effect of forskolin on Cl -, the transepithelial transport of 36 Cl -was measured. Under basal conditions the net ion transport reached 0.78 ± 0.67 µM/h per cm 2 , which was reduced in the presence of forskolin to 0.50 ± 1.00 µM/h per cm 2 (n = 8). In contrast to the flux data the drug significantly decreased the I sc by -0.28 ± 0.03 µEq/h per cm 2 (n = 8).
The presence of HCO 3 -is important for the transepithelial Cl -transport. In CO 2 -buffered solutions forskolin induced a decrease in I sc by -0.35 ± 0.05 µEq/h per Figure 1 . Effect of forskolin (5 × 10 -6 M) administered at both sides of the tissue on short-circuit current (I sc ) across shell gland epithelium. The original tracings are representative of 8 experiments. In 3 out of 8 tissues the I sc increased by 1.8 ± 0.7 µEq/h per cm 2 , whereas in the remaining 5 tissues a significant decrease of -0.7 ± 0.2 µEq/h per cm 2 was observed.
Figure 2.
In the absence of Cl -ions, but in the presence of a mucosal-directed HCO 3 -gradient in the bathing solution, forskolin always activated a short-circuit current (I sc ). The original tracing is representative of 8 experiments in which the I sc was activated by 2.31 ± 0.7 µEq/h per cm 2 . P < 0.05 to baseline; n = 8. cm 2 (n = 6) in the presence of methazolamide, significantly lower compared with the effect in the absence of the drug (-0.73 ± 0.13 µEq/h per cm 2 ; n = 6). Taken together these data indicate that forskolin stimulates HCO 3 -secretion and Cl -absorption.
Effect of Neurons and Prostaglandins on Baseline I sc
Neither the baseline nor the forskolin-stimulated I sc were significantly influenced by neurons or depend on prostaglandin synthesis because neither the neurotoxin tetrodotoxin (10 -6 M at the serosal side; n = 5-6) nor indomethacin (10 -6 M at the serosal side; n = 6), a blocker of cyclooxygenases, exerted a significant effect (data not shown). The missing neuronal contribution on I sc was confirmed by data obtained with the technique of electrical field stimulation. No change was found in baseline electrical parameters after stimulation of the tissue with the rectangular pulses (data not shown; n = 4).
DISCUSSION
The present data indicate that the anion transport across the hen uterus is regulated by cAMP, whereas other mechanisms (i.e., neurons or prostaglandins) did not exert any effect on baseline I sc or G t . The missing effect of neurons and prostaglandins was also shown in in vivo experiments because a denervation (Eastin and Spaziani, 1978a) or oral administration of indomethacin (Gilbert et al., 1982) did not alter the shell formation.
Activation of the cAMP-mediated anion secretion by forskolin resulted in divergent alterations in I sc . In 3 out of 8 epithelia a long-lasting decrease and in others an increase in I sc could be measured. The latter effect was always preceded by a short and insignificant decrease in I sc .
The long-lasting increase in I sc very likely represents an HCO 3 -secretion, a result that was also described by in vivo studies (el Jack and Lake, 1967; Eastin and Spaziani, 1978b) . Eliminating Cl -from the buffer solution resulted in enhanced basal I sc level, not reaching, however, statistical significance. Furthermore, in the absence of Cl -and in the presence of a mucosal-directed HCO 3 -gradient forskolin always induced a significant increase in I sc . Our results indicate an HCO 3 -secretion confirmed by data obtained with the membrane-permeable cAMP analogue, 8-CPT-cAMP. The latter drug stimulated an HCO 3 -secretion that was inhibited by block of carboanhydrases (Vetter and O'Grady, 2005) . The pathway for this electrogenic secretion could occur via a less-selective anion conductance. This idea is supported by the significant blocking activity of various Cl -channel blockers and the fact that Cl -channels can also conduct HCO 3 -under certain conditions (Reddy and Quinton, 2003) During egg shell formation Cl -is removed from the mucosal side (el Jack and Lake, 1967; Eastin and Spaziani, 1978a) . These in vivo results correspond with our in vitro data because equimolar replacement of Cl -by gluconate induced an increase in I sc . The performed flux measurements with 36 Cl -support this idea. Otherwise, the administration of Cl -channel blockers in the absence of HCO 3 -induced significant decreases in I sc as listed in Table 2 , exhibiting a small but present basal secretion of Cl -. This conductance, however, is likely not stimulated by cAMP because under HCO 3 --free Figure 3 . Of the applied Cl -channel blockers, only 5-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB; 10 -4 M on the mucosal side) significantly influenced the forskolin-stimulated short-circuit current (I sc ). a) In the presence of increased cAMP concentrations, NPPB significantly enhanced the I sc by 0.1 ± 0.01 µEq/h per cm 2 . Typical recording for n = 8. b) Administering forskolin in the presence of NPPB caused a small but significant decrease in I sc of -0.2 ± 0.1 µEq/h per cm 2 . P < 0.05 to baseline and to control; typical tracing of n = 10.
conditions forskolin always stimulated a negative I sc and, furthermore, the typical cystic fibrosis transmembrane regulator blocker (i.e., glibenclamide) was less effective compared with NPPB. The cAMP-induced decrease in I sc is in contrast with the results obtained by Vetter and O'Grady (2005) in stripped epithelia. Those authors measured a significant higher I sc in the presence of Cl -after 8-CPT-cAMP administration. These controversial results may be attributed to different preparation procedure because stripping the tissue may stimulate a stretch-activated anion conductance. For example, the activation of the cystic fibrosis transmembrane regulator by stretch was recently described (Zhang et al., 2010) , and this conductance is also activated by cAMP.
The electroneutral process of Cl -/HCO 3 -exchanger seems to be important for the forskolin-activated Clabsorption. In the presence of blocked carboanhydrases the forskolin effect was significantly lower. Under basal conditions, the linking of Cl -and HCO 3 -transport was described (Mongin and Carter, 1977) .
The present data indicate that under basal conditions primarily HCO 3 -will be secreted and Cl -absorbed across the egg shell of active laying hens. This transport is regulated by the intracellular second messenger cAMP but not influenced by neurons or prostaglandins. --free conditions (-1.0 ± 0.4 µEq/h per cm 2 ; P < 0.05 to baseline; typical recording for n = 7; lower tracing) could be turned into an increase of 4.4 ± 0.8 µEq/h per cm 2 in the presence of a mucosal-directed Cl -gradient (P < 0.05 to baseline and control; typical recording for n = 8; upper tracing).
